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Mouse hepatitis virus (MHV) synthesizes seven to eight mRNAs, each of which contains a leader RNA
derived from the 5’ end of the genome. To understand the mechanism of synthesis of these mRNAs, we studied
how the synthesis of each mRNA was affected by UV irradiation at different time points after infection. When
MHV-infected cells were UV irradiated at a late time in infection (5 h postinfection), the syntheses of the various
mRNAs were inhibited to different extents in proportion to the sizes of the mRNAs. Analysis of the UV
inactivation kinetics revealed that the UV target size of each mRNA was equivalent to its own physical size. In
contrast, when cells were irradiated at 2.5 or 3 h postinfection, there appeared to be two different kinetics of
inhibition of mRNA synthesis: the synthesis of every mRNA was inhibited to the same extent by a small UV
dose, but the remaining mRNA synthesis was inhibited by additional UV doses at different rates for different
mRNAs in proportion to RNA size. The analysis of the UV inactivation kinetics indicated that the UV target
sizes for the majority of mRNAs were equivalent to that of the genomic-size RNA early in the infection. These
results suggest that MHV mRNA synthesis requires the presence of a genomic-length RNA template at least
early in the infection. In contrast, later in the infection, the sizes of the templates used for mRNA synthesis were
equivalent to the physical sizes of each mRNA. The possibility that the genomic-length RNA required early in
the infection was used only for the synthesis of a polymerase rather than as a template for mRNA synthesis was
ruled out by examining the UV sensitivity of a defective interfering (DI) RNA. We found that the UV target size
for the DI RNA early in infection was much smaller than that for mRNAs 6 and 7, which are approximately
equal to or smaller in size than the DI RNA. This result indicates that even though DI RNA and viral mRNAs
are synthesized by the same polymerase, mRNAs are synthesized from a larger (genomic-length) template. We
conclude that a genomic-length RNA template is required for MHV subgenomic mRNA synthesis at least early
in infection. Several transcription models are proposed.

Mouse hepatitis virus (MHV), a member of the family
Coronaviridae, contains a single-stranded, positive-sense
RNA genome of 31 kb (15, 26). It contains seven or eight
genes, each of which is expressed through a subgenomic
mRNA (except for the 5'-most gene, gene 1, which is
expressed through the genome-size RNA) (11). These
mRNAs, termed mRNAs 1 through 7, have a 3'-coterminal
nested-set structure; i.e., the sequence of each mRNA starts
from the 3’ end of the genome, extending for various
distances into the 5’ end, and is contained entirely within the
next-larger mRNA (13, 17). Thus, each mRNA is structur-
ally polycistronic; however, all of them are functionally
monocistronic, since only their 5'-most open reading frames,
which contain the unique sequence not overlapping with the
sequence of the next-smaller mRNA, are translated (16).
These mRNAs have another unique feature: each mRNA
contains a leader sequence of approximately 70 nucleotides,
which is derived from the 5’ end of the genome (12, 33). This
leader sequence is present only at the 5’ end of the genomic
RNA; however, the sequence at the 3’ end of the leader is
homologous, to various extents, with sequences preceding
each gene (32). These intergenic regions are the fusion sites
between the leader RNA and the rest of sequences in each
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mRNA and represent the transcription initiation sites for
each mRNA.

There have been considerable controversies concerning
the mechanism of transcription of coronavirus subgenomic
mRNAs. Because of the discontiguous nature of the leader
and coding sequences in each mRNA, they must be synthe-
sized by a discontinuous transcription mechanism or by a
posttranscriptional splicing event. We previously proposed a
leader-primed transcription mechanism, in which a leader
RNA is synthesized from a full-length negative-stranded
RNA template, dissociates from the template, and then
rejoins the template RNA at the downstream intergenic sites
to serve as a primer for transcription (4, 11). This transcrip-
tion model is supported by several pieces of evidence,
including the following: (i) free leader RNA species have
been detected in MHV-infected cells (5); (ii) a temperature-
sensitive mutant which synthesizes only the leader RNA,
not mRNAs, at the nonpermissive temperature has been
isolated (5); (iii) during mixed infection, the leader RNA can
be freely exchanged between two MHVs, suggesting that the
leader RNA and mRNAs are two independent transcrip-
tional units (20, 24); (iv) the leader fusion sites on the
mRNAs are heterogeneous, suggesting an imprecise leader
fusion event (23); (v) a leader-containing RNA fragment
derived from the 5’ end of the MHV genome can be used for
mRNA synthesis in an in vitro transcription system, mim-
icking in vivo MHV mRNA synthesis (2); and (vi) some
mRNAs, e.g., mRNA 2-1, are synthesized only by viruses
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containing two copies of a UCUAA pentanucleotide se-
quence in the leader RNA, but some other mRNAs, e.g.,
mRNA 3-1, can be synthesized only by viruses with three
UCUAA repeats, indicating that the transcriptional initiation
of mRNAEs is regulated by the leader sequence (14, 19, 31).

However, the recent detection of subgenomic negative-
stranded RNAs and replicative intermediate RNAs in coro-
navirus-infected cells suggested an alternative mechanism of
mRNA transcription (9, 28-30). These data suggest that
subgenomic mRNAs may be transcribed directly from the
subgenomic negative-stranded RNAs. In this model, the
subgenomic negative-stranded RNA could be generated by
discontinuous transcription occurring during negative-
stranded RNA synthesis or by an unconventional RNA
splicing mechanism (28). Another possibility is that subge-
nomic negative-stranded RNAs are transcribed directly from
the subgenomic mRNAs nonspecifically packaged into the
virion (29). It was proposed that coronaviruses could behave
like a virus with a segmented RNA genome, using these
subgenomic mRNAs for the replication of viral genetic
material (29). Although these models are not necessarily
mutually exclusive, their mechanisms of transcription are
substantially different from the leader-primed transcription
mechanism proposed previously.

One way to determine the mode of RNA transcription is
by determining the target sizes of the subgenomic mRNAs
by UV inactivation. This approach has been used for deci-
phering the mechanism of RNA synthesis of vesicular sto-
matitis virus, Sendai virus, and other viruses (1, 3, 7).
Previous UV transcriptional mapping studies performed on
coronaviruses, including MHV and avian infectious bronchi-
tis virus, indicated that the UV target sizes of coronavirus
mRNAs are the same as their physical sizes (10, 34). This
result was used to propose the leader-primed transcription
mechanism (4, 11). However, in these studies, UV irradia-
tion was performed late in coronavirus replication. In view
of the recent detection of subgenomic negative-stranded
RNAs and replicative intermediates, these results were not
unexpected, but they did not reveal how the subgenomic
negative-stranded RNAs were synthesized. In this paper, we
report a UV transcriptional mapping study performed early
in the viral replication cycle. We investigated the possibility
that MHV subgenomic mRNA transcription is mediated
through a genomic-length RNA template. The results indi-
cate that this is indeed the case, at least early in the
infection. Thus, the templates for MHV subgenomic mRNA
synthesis may include both genomic- and subgenomic-size
RNAs, with the genomic-size RNA being the major template
early in infection. Several models of transcription are dis-
cussed.

MATERIALS AND METHODS

Virus and cells. MHYV strain A59 was propagated once in
17CL1 cells (35), and the culture medium harvested at 18 h
postinfection (p.i.) was used as the stock virus throughout
the experiments. UV irradiation and RNA labeling experi-
ments were performed in DBT cells (8). The defective
interfering (DI) RNA transfection experiments were per-
formed in L2 cells (22).

UV irradiation of virus-infected cells. Six 60-mm-diameter
plates of DBT cells were inoculated with A59 at multiplicity
of infection of 10 simultaneously (designated 0 h p.i.). After
1 h of virus adsorption, the inoculum was removed and
replaced with different types of media as outlined in Fig. 1.
At specified time points p.i., medium was removed and cells
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FIG. 1. Schema of experimental schedule. Arrows indicate time
points when different procedures were performed P(-), phosphate-
free medium; ActD, actinomycin D; 3P, 32P,.

were washed with phosphate-buffered saline (PBS) at room
temperature. After removal of PBS, plates were covered
with the plastic lid and a sheet of Whatman 3MM paper and
placed at a distance of 50 cm from a 30-W germicidal lamp.
One plate was used as a control and was not exposed to UV
light. For the remaining five plates, the lids and 3MM papers
were removed for 15 s, 30 s, 1 min, 2 min, or 4 min,
respectively, for UV exposure and replaced immediately.
After UV irradiation, cells were labeled with 32P; for 1 h.
Each experiment was repeated at least three times to confirm
the reproducibility of the results.

Intracellular RNA labeling and extraction. Confluent DBT
cells in 60-mm-diameter plates were washed once with
minimum essential medium (MEM; Irvine Scientific, Irvine,
Calif.) and infected with virus as described above. After 1 h
of virus adsorption, inoculum was removed and replaced
with 5 ml of phosphate-free medium (0.12 M NaCl, 1 mM
sodium citrate, 5 mM KCIl, 0.8 mM magnesium sulfate, 1.8
mM CaCl,, 5.5 mM glucose) containing 10% normal MEM.
At 2 h prior to UV irradiation, the media were replaced with
3 ml of 100% phosphate-free medium containing 2.5 pg of
actinomycin D (Sigma) per ml. After UV irradiation, 1.2 mCi
of 32P, (ICN) was immediately added to each plate, and cells
were incubated at 37°C for 1 h. After 32P labeling, plates
were placed on ice and rinsed with ice-cold PBS three times.
Cells were scraped into 1 ml of PBS with a rubber police-
man. After brief centrifugation, cell pellets were dissolved in
NTE (0.1 M NaCl, 0.01 M Tris-HCI [pH 7.2], and 1 mM
EDTA) containing 0.5% Nonidet P-40 and incubated at 4°C
for 10 min. Nuclei were removed by centrifugation, and the
supernatant was incubated with an equal volume of 2x
proteinase K buffer (0.2 M Tris-HCI [pH 7.5], 25 mM EDTA,
0.3 M NaCl, 2% sodium dodecyl sulfate [SDS]) and 0.4 mg of
proteinase K (Boehringer Mannheim) per ml at 37°C for 1 h.
RNA was extracted with phenol and chloroform and precip-
itated with ethanol at —70°C. RNA from each 60-mm-
diameter plate was redissolved in 10 to 20 pl of H,0, and 3
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pl of each sample was used for agarose gel electrophoresis as
described previously (25).

Purification of poly(A)-containing RNA. 3?P-labeled RNA
extracted as described above was denatured at 94°C for 2
min and diluted into 1 ml of 1x binding buffer (0.01 M
Tris-HCI [pH 7.5], 0.5 M NaCl, 0.5% SDS, and 1 mM
EDTA). RNA was passed three times through a column
containing 25 mg of oligo(dT)-cellulose (Collaborative Re-
search Inc., Bedford, Mass.) equilibrated with the binding
buffer. Poly(A)-containing RNA was eluted with the elution
buffer (0.01 M Tris-HCI [pH 7.5], 0.05% SDS, 1 mM EDTA)
as recommended by the manufacturer. Both poly(A)* and
poly(A)~ RNA fractions were collected by ethanol precipi-
tation. Poly(A)~ fractions were used to assess the integrity
of RNA.

In vitro transcription of DIssE RNA. DIssE RNA (de-
scribed in reference 22) was transcribed from the cDNA
clone of DIssE RNA in pT7 vector (22), which was linear-
ized with Xbal, and transcribed by T7 RNA polymerase
(Promega Co., Madison, Wis.) in the presence of a cap
analog [7mG(5')ppp(5')G; New England Biolabs, Beverly,
Mass.] according to the procedure recommended by the
manufacturer (Promega). The reaction mixture was treated
with DNase I (2 U; Promega) for 20 min at 37°C, and the
product was analyzed by agarose gel electrophoresis. The
RNA was ethanol precipitated twice with 2 M ammonium
acetate in the presence of glycogen.

RNA transfection. The procedure for RNA transfection
was essentially as described previously (21). Briefty, conflu-
ent L2 cells grown in 60-mm-diameter plates were infected
with A59 at a multiplicity of infection of approximately 5.
After 1 h of virus adsorption, the inoculum was removed,
and 1 pg of in vitro-transcribed DIssE RNA in 200 pl of
transfection buffer (600 ng of DEAE-dextran per ml, 0.14 M
LiCl, HEPES [N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid; pH 7.5], 1 mM MgCl,) was added, and the
mixture was incubated for 30 min at 37°C. Cells were then
washed once with prewarmed MEM and incubated with 4 ml
of MEM containing 5% fetal bovine serum at 37°C for 13 h.
The culture supernatant, designated PO, was passaged once
in DBT cells to increase virus titer. The supernatant from
this culture, designated P1, was used for UV irradiation and
RNA labeling experiments.

Agarose gel electrophoresis of RNA. RNA samples were
denatured with 1 M glyoxal at 50°C for 1 h and then
electrophoresed on a 1.0% agarose gel (SeaKem; FMC
BioProducts, Rockland, Maine) in 10 mM sodium phosphate
buffer as described previously (25).

Quantitation of radioactivity of 32P-labeled RNAs. After
electrophoresis, agarose gels were dried and directly ana-
lyzed by the Ambis imaging system (Ambis, San Diego,
Calif.) or, alternatively, exposed to X-ray films which were
subsequently analyzed with a densitometer. The values
obtained for each RNA species were subjected to linear
regression analysis.

RNA dot blot analysis. Total cytoplasmic RNA was iso-
lated at various time points p.i. Five micrograms of each
sample was heat denatured and spotted on a nitrocellulose
membrane (Highbond-C extra; Amersham Corp., Arlington
Heights, Ill.) which had been pretreated with 6x SSC (0.9 M
NaCl, 0.09 M sodium citrate [pH 7.0]). After baking at 80°C
for 2 h, the membrane was prehybridized at 55°C for 4 hin a
buffer containing 50% formamide, 0.6 M NaCl, 0.06 M
sodium citrate, 100 mM sodium phosphate, 50 mM Tris-HCI
(pH 7.1), 8x Denhardt’s reagent without bovine serum
albumin (0.16% Ficoll 400, 0.16% polyvinylpyrrolidone [mo-
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FIG. 2. Effects of UV irradiation at 5 h p.i. on mRNA synthesis.
A59-infected cells were exposed to UV light at 5 h p.i. for various
lengths of time as indicated (in seconds ["] or minutes [']) above the
lanes. Cells were labeled with 3?P; immediately for 1 h, and the
cytoplasmic RNA was extracted. The RNA was denatured by
glyoxal and subjected to gel electrophoresis. Each lane contained
approximately one-seventh of the total RNA from one 60-mm-
diameter plate. The seven viral mRNAs are numbered 1 to 7.

lecular weight, 360,000]), 0.1% SDS, 0.05 mg of tRNA per
ml, and 0.5 mg of salmon sperm DNA per ml. The membrane
was then hybridized overnight with the same solution con-
taining 3?P-labeled RNA probe and 17% dextran sulfate.
RNA probes used in this study were transcribed from cDNA
clones representing the entire gene 7 (1.7 kb), including the
upstream intergenic sequence and poly(A) tail, in either
negative or positive sense. The RNA probes were prepared
by in vitro transcription, using T7 RNA polymerase in the
presence of [a-**P]JUTP (ICN) according to the procedure
recommended by the manufacturer (Promega). After precip-
itation twice with ammonium acetate, the 3P-labeled probe
(108 cpm/ug of template DNA) was used directly for hybrid-
ization. After hybridization, the membrane was washed four
times for 5 min each at room temperature, two times for 20
min each at 70°C with 2x SSC-0.1% SDS, and two times for
20 min each at 70°C with 0.1x SSC-0.1% SDS. The speci-
ficity of hybridization was monitored by hybridization of
either probe to in vitro-transcribed positive- or negative-
sense unlabeled RNA (10 and 100 pg) from the same cDNA
clones used to make the RNA probes.

RESULTS

Effects of UV irradiation on mRNA synthesis at late time
points p.i. To determine the UV sensitivity of mRNA syn-
thesis in MHV-infected cells at different time points of
infection, we first repeated the experiment published previ-
ously (10, 34), which demonstrated that the UV target size of
each mRNA was proportional to its physical size. We first
irradiated AS59-infected cells with increasing doses of UV
light at 5 h p.i., when viral RNA synthesis was most active,
and examined viral RNA synthesis by labeling with >?P;. The
32p_labeled viral RNA was then examined by agarose gel
electrophoresis. As shown in Fig. 2, the sensitivity of
different viral mRNA species to UV irradiation roughly
paralleled the size of each mRNA; i.e., the smaller the
mRNA, the more resistant it was. This finding agreed with
the published results (10, 34) and suggested that the UV
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FIG. 3. Effects of UV irradiation at 2.5 h p.i. on mRNA synthe-
sis. A59-infected cells were exposed to UV at 2.5 h p.i. for various
lengths of time (indicated in seconds ["] or minutes [']) and *’P
labeled immediately. The poly(A)-containing RNA fraction was
applied to gel electrophoresis. Each lane contained the entire
poly(A)* fraction from a 60-mm-diameter plate. The 28S and 18S
rRNAs are indicated.

target sizes of the templates for different mRNA species
were the same as their physical sizes. This result was
consistent with the interpretation that the viral subgenomic
mRNAs were synthesized either directly from their corre-
sponding subgenomic negative-stranded RNA counterparts
(28-30) or by a discontinuous transcription process, such as
leader-primed transcription, from a full-length RNA tem-
plate (4, 11).

Effects of UV irradiation on mRNA synthesis at early time
points p.i. To critically address the primary mechanism of
synthesis of MHV mRNAs, we studied the UV inactivation
kinetics of RNA synthesis early in the infection. We first
carried out a preliminary study to determine the earliest time
when viral RNA synthesis could be detected by radioisotope
labeling. It was found that 2.5 h p.i. was the earliest time
point at which 3?P labeling of RNA could give clearly
distinguishable and reproducible viral mRNA patterns (data
not shown). Although a small amount of *?P-labeled RNA
could be detected as early as 2 h p.i., the intensity of the
labeled viral RNA was not strong enough to allow reliable
quantitation of different viral RNA species. Hence, we
studied UV sensitivity of MHV mRNA synthesis at 2.5 h p.i.
The AS59-infected DBT cells were irradiated with different
doses of UV light at 2.5 h p.i. and immediately labeled with
32p. for 1 h. Preliminary studies showed that there was a high
background of cellular RNA synthesis, even in the presence
of actinomycin D. Thus, the RNA samples were poly(A)
selected, and the poly(A)* fractions were used for agarose
gel electrophoresis. In contrast to the virus-infected cells
irradiated at 5 h p.i. (Fig. 2), a drastic decrease in the amount
of every viral mRNA species was evident after short UV
exposure: the synthesis of every viral mRNA species de-
creased by more than 80% after only 15 s of UV irradiation
(Fig. 3). The extent of inhibition was approximately the same
for all of the mRNAs. However, the residual portions of the
smaller mRNAs (e.g., mRNAs 6 and 7) remaining after 15 s
of UV irradiation decreased more gradually than the remain-
ing larger mRNAs did after additional UV irradiation. The
rate of this latter decrease for each mRNA was proportional
to its RNA size. This result suggested that at this early time
point, the majority of each mRNA has a UV target size much
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FIG. 4. Effects of UV irradiation at 3 h p.i. on mRNA synthesis.
AS59-infected cells were UV irradiated at 3 h p.i. and 3?P; labeled
immediately. Each lane contained approximately one-third of the
total RNA from a 60-mm-diameter plate.

bigger than its RNA size, but a small portion of each mRNA
has a target size equivalent to the size of the RNA. Thus,
viral mRNA synthesis may require two different types of
templates: the major one is the genomic-length template, and
the other one comprises the subgenomic-size templates.
Figure 3 also shows that the 28S and 18S rRNAs were
detectable in samples irradiated for 2 and 4 min, in which the
viral RNA synthesis was almost completely inhibited. The
reason for the detection of these RNAs is not clear.

We next examined the UV sensitivity of viral mRNA
synthesis at 3 h p.i. At this time point, the background
cellular RNA synthesis was minimal so that viral RNA was
directly examined without poly(A) selection. The results
were similar to those obtained at 2.5 h p.i. A small UV dose
(15-s exposure) inhibited the synthesis of every mRNA to
the same extent (80%), while the remaining mRNAs were
inhibited by increasing UV doses at the different rates
proportional to their RNA sizes (Fig. 4). These results
confirmed the conclusion that at early time points in MHV
infection, there are two different templates for subgenomic
mRNA synthesis.

To determine the precise rate of UV inactivation of viral
mRNAs, we performed quantitative analysis of the 3?P-
labeled viral mRNAs synthesized after being irradiated at
different time points p.i. (Fig. 5). The results were derived
from linear regression analysis of the data obtained by
densitometric readings of RNA bands on the electrophero-
grams and also by direct measurement of radioactivity of
each RNA species on the gels. Figure 5 shows that at S h p.i.,
UV sensitivity of each mRNA was directly proportional to
the size of the mRNAs. In contrast, at 2.5 or 3 h p.i., a vast
majority (approximately 80%) of every mRNA species
showed very high sensitivity equivalent to that of the ge-
nomic RNA, but small amounts of mRNAs 5 to 7 had lower
UV sensitivities which were proportional to their RNA
sizes. The quantities of mRNAs 1 to 4 at higher UV doses
could not be analyzed because of low radioactivity. These
results strongly suggested that the majority of viral subge-
nomic mRNAs have a genomic-length UV target size early in
the infection.

To determine whether the viral RNA synthesis observed
at early time points represented positive- or negative-
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stranded RNA, dot blot hybridization of intracellular RNA
extracted at different time points p.i. was performed. We
used in vitro-transcribed sense and antisense gene 7 RNAs
as probes, which hybridize to all of the viral RNA species of
complementary sense because of the nested-set structure of
MHYV RNAs (13, 17). Figure 6 shows that positive-stranded
RNA was in large excess over negative-stranded RNA
throughout the infection, even at the earliest time point (3 h
p.i.) when viral RNA began to be detectable. The amount of
negative-stranded RNA constituted less than 1% of the total
viral RNA and was not detectable by this method at early
time points (before 4 h p.i.). These data indicated that even
very early in infection, RNA synthesis measured by radio-
labeling of RNA represented mainly positive-stranded

A ht: ks B1o 100pg
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M 3 4 6 i
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FIG. 6. Dot blot analysis of positive- and negative-stranded A59
RNA in total cytoplasmic RNA. Total cytoplasmic RNA was
extracted at various time points p.i. from A59-infected cells and
hybridized with in vitro-transcribed 32P-labeled sense or antisense
RNA of A59 gene 7 (A). Lane M, mock-infected cellular RNA. The
specificity and sensitivity of the probes used were determined by
hybridization to the determined amounts of the unlabeled in vitro-
transcribed RNA from the same plasmids (B).

RNAs. Thus, UV sensitivity of RNA synthesis measured in
this study most likely reflected the target size of the template
for positive-stranded mRNAs.

Effects of UV irradiation on DI RNA synthesis early in the
infection. Since virus-specific RNA polymerase, which is
synthesized from the genome-size mRNA 1 (15, 26), is
needed for viral RNA synthesis, it is possible that the large
UV target size of mRNA synthesis early in the infection
could be due to inhibition of the synthesis of RNA polymer-
ase. If this was the case, the UV target size of mRNAs
measured in this study would not reflect the size of RNA
template for viral mRNAs. To rule out this possibility, we
studied the UV sensitivity of a DI RNA, DIssE (22), which
depended on RNA polymerase synthesized by the helper
virus for replication and yet replicated on an RNA template
of its own size (2.2 kb) (21, 22). Thus, if the effects of UV
irradiation on viral mRNA synthesis early in infection were
due to deprivation of viral RNA polymerase, DI RNA
synthesis would be inhibited to the same extent as synthesis
of all of the viral mRNAs. We first prepared DIssE-contain-
ing A59 by transfecting in vitro-transcribed DIssE RNA into
A59-infected cells. The virus harvested was amplified by an
additional passage in DBT cells to increase the amount of
DIssE RNA as described previously (21, 22). The UV
sensitivity of DI RNA synthesis was then studied at 3 h p.i.,
using this virus stock. Figure 7A shows that the viral nRNA
synthesis was not interfered with by DIssE RNA under this
condition, in agreement with the previous studies (21, 22).
Similar to results shown in Fig. 4, syntheses of all of the viral
mRNAs were significantly inhibited by a small UV dose
(15-s irradiation). In contrast, DIsSsE RNA synthesis was
much more resistant to UV inactivation. Most notably,
DIssE RNA synthesis was more UV resistant than mRNA 7
synthesis, even though DIssE (2.2 kb) was larger than
mRNA 7 (1.7 kb). The UV inactivation kinetic graphs based
on linear regression analysis (Fig. 7B) showed that the
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FIG. 7. Effects of UV irradiation on DIssE RNA synthesis early
in infection. (A) UV irradiation of cells infected with DIssE-
containing AS59 virus at 3 h p.i. Cells were 3?P labeled immediately
after irradiation for 1 h. RNA was poly(A) selected and subjected to
gel electrophoresis after denaturation. (B) UV inactivation kinetics
of A59-specific and DIssE RNAs. The graph was based on the linear
regression analysis of two separate experiments as described for
Fig. 4. Data are for DIssE (O) RNA and mRNAs 1 (O), 2 (@), 3 (4),
4 (A), 5 (O), 6 (M), and 7 (*). ", seconds; ', minutes.

majority of every mRNA species had a high UV sensitivity
equivalent to that of the genomic-size RNA, but the remain-
ing mRNAs 6 and 7 had a much lower UV sensitivity which
was in proportion to their RNA size at higher doses of UV.
This result agreed with the findings in Fig. 4 and 5. In
contrast, DISsE showed single UV inactivation kinetics,
which indicated a UV target size equivalent to its physical
size (2.2 kb). This difference in the UV sensitivity between
DIssE RNA and viral mRNAs suggested strongly that the
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large UV target size of AS9 mRNAs early in infection was
not caused by a deficiency of RNA polymerase and/or other
protein products but rather reflected the true size of the
template for subgenomic mRNA synthesis.

DISCUSSION

Results shown previously (10, 34) and in this report
indicated that late in MHV infection, UV target sizes of
MHYV subgenomic RNAs correspond to their physical sizes.
Furthermore, this study revealed that early in infection,
MHYV mRNA species can be divided into two components in
terms of UV sensitivity: the majority of every mRNA
species had a UV target size similar to that of the genomic
RNA, while a small population of subgenomic mRNAs
demonstrated a higher resistance to UV inactivation, with a
UV target size equivalent to its RNA size. This finding
suggests that transcription of the majority of subgenomic
mRNAs of MHV requires the synthesis of a full-length
genomic RNA early in the infection. This genomic-length
RNA is probably required as the template for mRNA tran-
scription rather than as an mRNA for the translation of
polymerase. The latter conclusion was supported by the
finding that a DI RNA, which utilizes RNA polymerase
synthesized from the helper virus RNA, had a UV target size
smaller than that of even the smallest mRNA (mRNA 7)
early in infection. Thus, RNA polymerase was not the
limiting factor under the conditions studied. These results
strongly suggest that the synthesis of the subgenomic
mRNAs of MHV requires a genomic-size template at least
early in the infection. We do not know the origin of the minor
components of mRNAs which had UV target sizes corre-
sponding to their RNA sizes early in infection. They could
be derived directly from the replication of mRNAs nonspe-
cifically packaged into the virus particles (29), or they may
be amplified from the mRNAs transcribed from the genomic-
length template. Although the UV sensitivity of mRNAs
could not be examined at an even earlier time point because
of low amounts of radioactivity, our results nevertheless
indicated the presence of a primary mechanism of transcrip-
tion of subgenomic mRNAs from the genomic-length tem-
plate early in infection.

The subgenomic sizes of UV targets for the MHV mRNAs
late in the infection correlated with the detection of subge-
nomic replicative intermediate RNAs (28) and subgenomic
negative-stranded RNAs in coronavirus-infected cells (9, 29,
30). These data are consistent with the model that mRNAs
may replicate themselves (28, 30) but do not rule out the
leader-primed transcription model, which involves a poly-
merase jumping during transcription (4, 11). To incorporate
all of these data, we propose that MHV may utilize two
different mechanisms of RNA synthesis. First, RNA synthe-
sis starts with the synthesis of a genomic-size negative-
stranded RNA, from which subgenomic mRNAs are synthe-
sized. Once synthesized, the subgenomic mRNAs may
replicate themselves into subgenomic negative-stranded
RNAs, which are subsequently transcribed into mRNAs
(i.e., mRNAs serve as replicons [29, 30]). The genomic-
length RNA required early in infection as shown in this study
could represent either a precursor RNA, which is processed
by an RNA splicing mechanism to form negative-stranded
subgenomic RNAs, or a genomic-size template RNA, which
is used for the synthesis of subgenomic mRNAs by a
discontinuous transcription mechanism, such as leader-
primed transcription (11). These two possibilities cannot be
rigorously distinguished at the present time. However, we
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consider the first possibility less likely, since it necessitates
invoking a new kind of RNA splicing mechanism which
occurs in cytoplasm and utilizes a novel splicing sequence
motif. The second possibility is more compatible with the
existing data, which suggest a discontinuous nature of MHV
RNA transcription involving a free leader RNA species (see
the introduction and reference 11). Although there is no
direct experimental evidence that mRNAs can be replicated,
replication seems probable considering that the subgenomic
mRNAs and genomic RNA have identical sequences at both
the 5’ and 3’ ends. If this is indeed the case, the minor
amounts of mRNAs nonspecifically packaged in the virus
particles should be able to serve as templates for mRNA
replication (29, 30), consistent with the small amount of
mRNAs which had subgenomic UV target size early in
infection. However, (i) the fact that we have not detected
significant amounts of subgenomic mRNAs in MHV parti-
cles (data not shown) and (ii) the requirement for a genomic
RNA template shown in this study argue that this pathway is
not the major mechanism of mRNA synthesis early in
infection. Furthermore, Makino et al. showed that an in
vitro-transcribed DI RNA containing an intergenic sequence
can synthesize a subgenomic mRNA in MHV-infected cells,
suggesting that the subgenomic mRNA can be transcribed
from the full-length template (18). Also, an in vitro transcrip-
tion system prepared from the MHV-infected cells late in the
infection could utilize an exogenous leader RNA for mRNA
transcription (2). These results suggest that the proposed
first mechanism of subgenomic mRNA transcription from
the full-length template may persist throughout the entire
viral replication cycle. It should be pointed out that the
detection of subgenomic negative-stranded RNAs did not
rule out the model of discontinuous transcription during
positive-stranded RNA synthesis late in infection, since the
leader priming may take place on negative-stranded subge-
nomic templates.

One additional possibility should be considered: the dis-
continuous transcription mechanism may occur during neg-
ative-stranded RNA synthesis by a polymerase jumping
mechanism. In this scenario, the early requirement for the
full-length RNA will be for the synthesis of genomic RNA
template for subsequent subgenomic negative-stranded
RNA synthesis. This mechanism, however, is inconsistent
with the observation that the transcriptions of several sub-
genomic mRNAs are regulated by the leader RNA se-
quences (14, 19, 31). If polymerase jumping took place
during negative-stranded RNA synthesis, it would be diffi-
cult for the leader to regulate transcription of these mRNAs,
since the antileader RNA is located on the downstream side
of the subgenomic negative-stranded RNAs. Thus, we favor
the leader-primed transcription model, at least early in
infection. In this model, the leader RNA is located upstream
of the viral genes, making it possible for the leader to
regulate the transcription of the subgenomic mRNAs.

The results presented here also indicated that the amount
of negative-stranded RNA made by MHV was much lower
than that detected in other studies (27, 30). The reason for
this discrepancy is not clear. However, the negative-
stranded RNA continued to increase until late in the infec-
tion. This finding is more consistent with the observation
made by Sawicki and Sawicki that negative-stranded RNA
synthesis peaked at 5 h p.i. in MHV-infected cells (27) and
does not agree with the data obtained from the analysis of
MHY polymerase activity which indicated that the negative-
stranded RNA synthesis peaked at earlier time points (6).

Another puzzling observation is that at early time points
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p.i., IRNA synthesis increased when MHV mRNA synthesis
was inhibited by higher UV doses (Fig. 3). The rRNA was
detected even after a single round of poly(A) selection of
RNA. This finding suggests that MHV may encode some
early functions which can inhibit RNA synthesis. It is also
possible that UV induces expression of some gene(s) neces-
sary for rRNA synthesis. This issue remains to be studied.
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